We present the design and initial fabrication for a wavelength-agile, high-speed modulator that enables a long-term vision for the THz Scannerless Range Imaging (SRI) sensor. This modulator takes the place of the currently utilized SRI micro-channel plate which is limited to photocathode sensitive wavelengths (primarily in the visible and near-IR regimes).
PASSIVE RESONANT SUBWAVELENGTH GRATING (RSG)
The resonant subwavelength grating (RSG) is an optical device with a resonant reflection characteristic due to the interaction of a subwavelength grating and waveguide [1] . In contrast to other waveguide devices, the waveguide is not used for propagating the signal; the device is used as a free space component, as shown in Figure 1 . To prevent losing power to propagating diffracted orders of the grating, a subwavelength period is employed. The period of the grating allows for a single propagating order within the higher refractive index of the waveguide. When the incident angle, polarization, and wavelength are correct, this diffracted order overlaps with an allowed mode of the waveguide, resulting in a resonant reflection similar to the measured responses shown in Figure 2 [2] . 
ACTIVE RESONANT SUBWAVELENGTH GRATING DESIGN CONSIDERATIONS
The resonant conditions of the RSG predict 100% reflections and 0% transmission at the design wavelength. This is not an approximation, but a direct consequence of the non-absorbing dielectric materials in the component. However, design considerations for the active RSG are interdependent and sometimes conflicting. The device is extremely sensitive to changes in the index of refraction, primarily in the waveguide region, so that this presents a path to an active device.
There are several mechanisms for refractive index variation in a dielectric; we selected the electro-optic mechanism. The linear electro-optic effect relies on a material with a non-centrosymmetric structure. A randomly oriented, amorphous film will not show a coherent response. With this effect, the application of biasing potential will change the refractive index, causing a shift of the resonance peak spectrum. We could also utilize the quadratic electro-optic effect with the same electric field application. An alternative to the electro-optic effect would be the use of non-linear optical materials. Here, an optical pump input induces a change in the refractive index. A separate probe input optical beam senses the shift in resonant response of the RSG. Fundamentally, this option is sound, but realizing this configuration is somewhat more difficult. The pump beam is generally within the detection band of the system and can be high power. For this reason, the pump beam must be separated (filtered) from the signal or it contributes to noise.
Utilizing the electro-optic effect would be an elegant packaging solution that could be integrated into the component for a high-speed device response. However, this now requires that we introduce absorbing materials into the component that will reduce the high optical contrast and obscure the optical input and output signal. The need to minimize the biasing voltage of the device while maximizing both the input and output optical signals presents a trade-off. Finally, the design wavelength constrains the available material set. Here, we intend the design wavelength to center around 850nm, which is the current operating wavelength of the SRI, and generally in the visible for testing ease. For our work using the linear electro-optic mechanism, we assume that the incident optical signal is not of such high irradiance that it induces a change in the refractive index. Also, we are employing linear modeling codes, such as Rigorous Coupled Wave Analysis to predict the optical response as a function of waveguide index. Figure 3 shows the cross-section of an RSG design [3] utilized in the analysis on an active component around an incident, visible wavelength of 638.6 nm. The predicted transmitted and reflected resonances are shown in Figure 4 for a normally incident beam with TE polarization, as a function of input wavelength. The resonance is quite narrow due to the small refractive index contrast between the waveguide and the surrounding regions. Figure 3 RSG design used for the below analysis. The input light is a normally incident TE wave. All dimensions are in micrometers [3] . Figure 4 RCWA shows the resonance of the device assuming a constant refractive index. The resonant wavelength does not exactly match the wavelength of minimum reflectance resulting from the effective AR coating provided by the grating [3] .
If the incident wavelength in the above design is fixed at 638.4 nm and the refractive index of the waveguide material is varied, the predicted reflection and transmission responses are shown in Figure 5 . Note that a change of less than 0.0008 in the refractive index varies the response 100%. 
ACTIVE RSG MATERIAL SURVEY AND SIMULATIONS
We investigated, through simulations, various methods for the realization of an active RSG. A promising option is the incorporation of a material with an index of refraction that we can vary with voltage: an electro-optic material. We then considered which materials and configurations we could use in such a device as well as the electrode geometry.
Linear electro-optic materials allow us to vary the refractive index with the application of an electric field. We considered materials that exhibit a strong electro-optic effect, have low-loss in the wavelength range of interest, and are compatible with the fabrication steps required for the RSG process. Candidate materials are lithium niobate (LiNbO 3 ), lithium tantalite (LiTaO 3 ), potassium titanyl phosphate (KTP), barium metaborate (BBO), barium titanate (BaTiO 3 ), and lead lanthanum zirconium titanate (PLZT).
Candidate electrode geometries are frames for applying the voltage, interdigitated electrode fingers, or a combination. Frames offer the advantage of keeping the optical transmission portion of the device free of all optically-absorbing electrical regions, maximizing the optical performance. This approach requires higher voltages to obtain the field strength required in the waveguide region as a result of the noncentralized location of the electrodes. Interdigitated electrodes inside the optical area of the device can reduce by orders of magnitude the distance between electrodes and thus reduces the required voltage by a similar amount. Interdigitated electrodes will interfere with the optical properties due to their location in the optical path.
We simulated various geometries utilizing PLZT guiding layers on a silicon dioxide substrate. PLZT has a high linear as well as quadratic electro-optic coefficient. It can be applied in a sol-gel process or with laser-assisted deposition. Finally, its high refractive index (n ~ 2.3) ensures a relatively broad waveband response and strong confinement of the resonant mode.
Grating materials consisting of silicon dioxide (SiO 2 ), PLZT, indium tin oxide (ITO), and combinations of these were considered. ITO offers a conductive, mostly transparent material for electrical connections with active control of the device response. However, ITO is lossy, which could detrimentally affect device performance.
Directly etching a grating into a PLZT layer would provide a guiding layer and grating layer of the same material. This straightforward approach results in a broad (20.5nm FWHM) reflection peak as seen in Figure 6 . The reflectivity in the main peak reaches a value of 100% as the materials used in the simulation are assumed lossless in this wavelength range. The reflectivity outside the main peak can be lowered by adjusting the grating and guiding layer thicknesses. For these simulations these adjustments were not made. It should be noted that these reflectivity values could be lowered with additional design effort. The width of the reflection peak is dramatically affected by the material used in the grating layer. Switching this layer from the high-index PLZT to a lower-index silicon dioxide (n = 1.45) narrows the reflection peak from 20.5nm to 1.2nm as seen in Figure 7 . Device parameters are slightly altered to maintain the center of the reflectivity peak at 850nm. Use of interdigitated electrodes, as in Ref [5] , would require incorporation of electrodes in the opticallyactive region of the device. Indium tin oxide (ITO) is commonly used for such applications because it is mostly transparent. The imperfect transparency is the result of a nonzero imaginary component of the refractive index. To ascertain the effect of the imaginary component on device performance we can model an RSG using the refractive index of ITO, with the imaginary component set to zero (n = 1.9) and for the actual material (n = 1.9 + 0.005i). The difference in the response is clear when comparing Figure  8 to Figure 9 . The addition of the imaginary component to the refractive index results in a dropping of the peak reflectivity from 1.0 to 0.93. Otherwise, the responses are similar, with a minimal shift in the reflection peak and a slight widening of the main lobe. To avoid the absorption evident in Figure 9 , a dual-layer grating can distance the lossy ITO from the high electric fields present in the guiding layer. The lower layer of the grating may be either the low-index SiO 2 , or the high-index PLZT. Figure 10 shows the results of the numerical simulation for the SiO 2 case. This configuration is similar to that of Figure 7 , with the addition of the ITO layer. Similar to the earlier case with a low-index grating layer, the reflection peak is quite narrow. The addition of the SiO 2 to the grating layer ameliorates the effect of the lossy ITO, with only 1% absorption seen at the peak rather than the 7% seen with the wholly ITO grating layer. Similarly, we can create a dual-layer grating using ITO and PLZT. With the higher-index material now incorporated into the grating the reflection peak broadens to 20nm as shown in Figure 11 . 
ACTIVE RSG IN A TRANSMISSIVE CONFIGURATION
An RSG is typically considered a reflectance-based component. This is because, for wide spectral band incident light, only a narrow notch will be returned with large contrast. However, often a reflectancebased optical configuration is problematic. Either the input signal is obscured by the detecting device, or a beamsplitter is necessary to allow the signal to propagate along an alternate detecting path.
In this application, we can utilize the active RSG in the transmissive mode. Here, all light passes straight through except for the small notch around the resonant wavelength. The illuminating source for the SRI is a narrowband laser; essentially a single wavelength. Thus we may utilize one steep side of the transmittance notch and measure the modulated return signal as the notch shifts with bias voltage. Figure  12 shows the transmission characteristic, as a function of wavelength for the above RSG device with a PLZT guiding layer and an ITO/SiO 2 grating layer. A straightforward way to modulate the RSG is to vary the refractive index of one of the regions; specifically, the waveguide region. An applied field can induce a refractive index change through the electro-optic effect. Two possible configurations for the electrodes are shown in Figure 13 . The field may be applied across the surface of the device with interdigitated electrodes or through the depth of the structure by applying electrodes atop the grating mesas and to the lower surface of the device. The interdigitated electrodes have the advantage of minimal interference with the optical path; however the electric field is nonuniform in the guiding region. In the case of a lower electrode the field is more uniform in the region of the PLZT. Here the electrodes are much further apart (note that the SiO 2 substrate is not drawn to scale). This thickness necessitates a much higher voltage difference to achieve the same electric field strength. For 3x10 7 V/m the interdigitated configuration would require on the order of 15V, while the back-side option, with the indicated substrate thickness, would require 15000V. We can make rough approximations of the refractive index of the PLZT material in the two configurations. The darker regions in Figure 13 show regions where the refractive index is increased by 0.05 by the applied electric field. The effect on the transmission is shown in Figure 14 . The blue dotted line indicates a single wavelength whose transmission ranges from near zero to greater than 85% with the application of an electric field. 
CONTINUING WORK
We conclude with the next steps to demonstrate this device. Starting with the PLZT device design presented in Ref [5] we used RCWA to look at various design options using a PLZT waveguide. We replaced the ITO electrodes with gold. This results in a much wider resonance, but it facilitates fabrication significantly. However, only one transition may be sharp enough to be useful. We introduced a buffering dielectric layer between the PLZT and the gold electrodes in an attempt to isolate the absorbing gold from the high-field waveguide region and reduce the minimum signal level. Illuminating with an off-axis beam provides fairly sharp transitions as shown in Figure 15 and Figure 16 .
These two cases assumed different indices for the PLZT (published results have varied widely). The transmission curves allow for large output signal contrasts with minima less than 1% and peaks greater than 95%. Using a published design prediction as an initial guide [5] to the required biasing potential and increasing this slightly to account for the intervening dielectric buffer layer, the voltage necessary may be 40 V for full modulation. We will watch for signs of breakdown at the material surface across the small space (~200nm) between electrodes. 
CONCLUSIONS
For the SRI application, the crucial requirement is to gain modulate the intensity of the return at a frequency of 10 to 200 MHz, prior to focusing the return onto the detector image plane. With the RSG, gain modulation is achieved by varying the dielectric index in and out of resonance at the wavelength of operation. This is most readily done in the transmission mode, by inserting the RSG between the lens aperture and the detector focal-plane. This requires that the RSG active area be sufficient to avoid vignetting, that similar gain modulation occurs over a range of acceptance angles, and that polarization of the incident light is compatible with the RSG.
If this concept is feasible, it will immediately advance the SRI state-of-the-art in 4 areas. First, the RSG has potential to provide modulation to the detector focal plane with less image blur or aberration than can currently be achieved using the current image-intensifier technology. Second, it will provide for the first time, a potentially low-cost means for modulation, enabling a new range of low-cost applications. Third, the amount of drive power for the modulator is substantially reduced, because the required voltages are reduced from hundreds of Volts to only about 5 Volts. Finally, the application of the RSG can be extended into the infrared and THz bands, well beyond the capability of intensifier tube technology
